The essential oils from the leaves of Juglans regia, collected from Kathmandu, Nepal, and Juglans nigra from Huntsville, Alabama, USA, were obtained by hydrodistillation and analyzed by GC-MS. A total of 69 compounds were identified in the J. regia oil, accounting for 99.0% of the eluting components of the oil while three different samples of J. nigra were analyzed identifying a total of 99.3%, 99.4% and 99.7% of the oils. The leaf essential oil of J. regia was dominated by the aromatic compounds eugenol (27.5%) and methyl salicylate (16.2%), and the sesquiterpenes germacrene D (21.4%) and (E)--farnesene (8.2%). The essential oils from three different samples of J. nigra contained (E)-caryophyllene (17.3%-20.4%) and germacrene D (7.1%-22.5%) with smaller amounts of juglone (1.0%-8.8%), α-hydrojuglone (1.0-9.5%), and δ-cadinene (3.8%-8.7%). J. regia leaf oil, devoid of juglone, showed allelopathic activity, while J. nigra leaf oil was less phytotoxic. The presence of eugenol and methyl salicylate in the leaves of J. regia are consistent with the traditional uses of this plant to treat toothache, rheumatism, and fungal infections.
Juglans (Juglandaceae) is a genus of 20 species of trees [1] , several species of which are notable for their uses as traditional medicines, including J. mandshurica [2] , J. neotropica [3] , and J. sinensis [4] . Juglans regia L., native to Central Asia (Nepal, Bhutan, Tibet, northern India, Pakistan, Sri Lanka, Afghanistan, Kyrgyzstan, Turkmenistan, Iran), has been introduced around the world where it is used both as a food and medicinally by numerous cultures [5] . For example, leaf decoctions of J. regia are used in Turkey to treat leukemia [6] , coughs, rheumatism, and fungal infections [7] , in Calabria, Italy, to repel ectoparasites [8] and as a treatment for acne [9] , while in Navarra, Spain, it is used to treat colic in horses [10] , and in Kosovo to treat hemorrhoids [11] . Leaves of J. regia are used in Lebanon to treat rheumatism and neuralgia [12] and by people of the Taurus Mountains in Turkey to treat fungal skin infections [13] . In Nepal, a decoction of the stem bark is taken to treat arthritis, rheumatism, to treat skin diseases and toothache, and as an anthelmintic, while the leaves are used as an astringent tonic [14] .
Antimicrobial screening of J. regia leaf extracts have revealed significant activity against Staphylococcus aureus and S. epidermidis, micro-organisms responsible for acne lesions [15] . In another report, aqueous extracts of J. regia leaves completely prevented growth of two dermatophytes, Microsporium canis and Trichophyton violaceum, while significantly inhibiting T. mentagrophytes [16] . Petroleum ether extracts of J. regia leaves also showed significant acaricidal activity against Tetranychus cinnabarinus and T. viennensis [17] .
Juglans nigra L. is found throughout eastern North America from Massachusetts to Florida and Texas to Minnesota [18] . Several Native American tribes have used Juglans nigra for medicinal purposes. The Powhatan tribe of present day Virginia used the root bark decoction of J. nigra as a remedy for diarrhea and dysentery [19] . The Eastern Band of Cherokee Indians (eastern Tennessee and western North Carolina) used J. nigra bark medicinally for toothache and to treat urinary tract infection; the inner bark was reported to be a remedy for smallpox [20] . The Seminole and Creek Indians of Florida used J. nigra to treat dermatological conditions and regulate blood pressure [21] . J. nigra bark decoction was used by the Hocąk (Winnebago) Indians of Wisconsin as a tonic for the blood [22] . Consistent with Native American use, people of European descent living in the Ozark-Ouachita highlands of Arkansas and Missouri have used J. nigra bark to treat ringworm and diarrhea [23] . J. nigra is well known for its phytotoxicity, attributed to the naphthoquinone juglone [24] .
Work on the volatile leaf constituents of Juglans species is still a relatively unexplored area, and this is the first in-depth examination of the leaf essential oils of Juglans regia from Nepal and Juglans nigra from Alabama.
Leaf Oil Compositions.
The essential oil of Juglans regia was obtained in 0.015% yield, and a total of 69 compounds were identified constituting 99.0% of the eluting components of the essential oil. The essential oil was mostly composed of the aromatics eugenol (27.5%) and methyl salicylate (16.2%) as well as the sesquiterpenes, germacrene D (21.4%), (E)--farnesene (8.2%), and (E,E)-α-farnesene (2.6%). Smaller quantities of geranyl acetate (1.6%), linalool (1.5%), myrtenal (1.0%), and α-terpineol (1.0%) were also identified. In an early study, the volatile components of J. regia were found to be mostly -eudesmol (10.0%), alkanes, and fatty acids with a small quantity of eugenol [25] . A very recent analysis the leaf essential oil of J. nigra from Kashmir revealed an oil rich in monoterpenes, α-pinene (15.1%), -pinene (30.5%), limonene (3.6%), (Z)-and (E)--ocimene (1.7 and 1.6%, respectively), and sesquiterpenes, (E)-caryophyllene (15.5%) and germacrene D (14.4%), but only trace amounts of methyl salicylate and eugenol [26] . Another recent analysis of an extensive collection of samples from the western Himalaya region of India 
Terpinen-4-ol 0. Myrtenal showed similar compositions, dominated by monoterpene hydrocarbons (α-and -pinenes, myrcene, limonene, (E)--ocimene) and sesquiterpene hydrocarbons (α-copaene, (E)-caryophyllene, α-humulene, germacrene D, α-zingiberene, and δ-cadinene), but only minor quantities of methyl salicylate (0.1-0.6%), and no detectable eugenol [27] . Thus, the chemical composition of J. regia leaf oil from the Kathmandu district of Nepal is qualitatively very different than those from western Himalaya and Kashmir. The sample from Nepal, rich in methyl salicylate and eugenol, was devoid of pinenes, myrcene, limonene, ocimenes, (E)caryophyllene, and α-humulene, but was rich in germacrene D.
The high concentrations of eugenol and methyl salicylate in J. regia leaf oil are consistent with traditional uses of leaves of this plant (see above). Eugenol has been found to be effective in treating toothache [28] and fungal infections [29] . Methyl salicylate has been used for many years as a topical analgesic to treat rheumatism [30] . Both eugenol [31] and methyl salicylate [32] have demonstrated efficacy as insect repellents. J. nigra leaf oils from Alabama are more similar to J. regia oils from India than J. regia from Nepal ( Table 1 ). The J. nigra leaf oils were dominated by sesquiterpenes, (E)-caryophyllene (17.3-20.4%), germacrene D (7.1-22.5%), δ-cadinene (3.8-8.7%), α-humulene (1.1-4.2%), and α-muurolene (2.4-2.8%), and the monoterpene α-pinene (6.3-11.4%). There were also notable quantities of juglone (1.0%-8.8%) and α-hydrojuglone (1.0-9.5%).
To our knowledge, there are no previous reports on essential oil compositions of J. nigra leaves, although the essential oil from the fruit peels has been investigated [33] . A headspace analysis of the volatile constituents of J. nigra, as well as J. regia, has been reported [34] . The headspace composition of J. regia (cultivated in Kentucky, USA) volatiles showed monoterpenes [α-pinene (1.7%), -pinene (3.6%), myrcene (2.1%), limonene (4.8%), and (E)-ocimene (6.8%)], consistent with the leaf oils from J. regia from India, as well as germacrene D (28.6%) and methyl salicylate (16.8%), consistent with the leaf oil from Nepal, but no eugenol was detected. The J. nigra leaf headspace was composed largely of sesquiterpene hydrocarbons, dominated by germacrene D (60.3%) and is qualitatively similar to the J. nigra leaf oil from Alabama.
Allelopathic Activities. Both J. regia [35] and J. nigra [24] are known to be allelopathic to plant yield and growth, and this activity has been attributed to the naphthoquinone juglone [36] . Because of the high concentration of juglone in J. nigra leaf oil, we carried out an allelopathy investigation of the essential oils of J. nigra and J. regia (Table 2) . Interestingly, J. regia leaf oil, which was devoid of juglone, was significantly more phytotoxic to lettuce (Lactuca sativa) and perennial ryegrass (Lolium perenne) than J. nigra leaf oil. J. regia leaf oil inhibited germination of L. sativa and L. perenne with median inhibitory concentrations (IC 50 ) of 365 μg/mL and 1046 μg/mL, respectively, while J. nigra leaf oil was marginally inhibitory at 4000 μg/mL. Similarly, J. regia leaf oil significantly inhibited radicle and hypocotyl elongation of L. sativa at 500 μg/mL and L. perenne at 1000 μg/mL. J. nigra leaf oil, on the other hand, was ineffective at growth reduction of L. sativa at 2000 μg/mL and only marginally effective inhibiting radicle growth of L. perenne at that concentration.
The allelopathic activity of J. regia leaf oil can be attributed to the major aromatic components methyl salicylate and eugenol. Methyl salicylate inhibited seed germination of L. sativa and L. perenne with IC 50  1015 μg/mL. Eugenol did not effectively inhibit germination of L. sativa at 1000 μg/mL, but was effective against L. perenne (IC 50 = 582 μg/mL). Both methyl salicylate and eugenol significantly inhibited root and shoot growth of lettuce (at 500 and 250 μg/mL, respectively) and perennial ryegrass (at 250 μg/mL). Juglone, a known allelopathic agent [36] , inhibited germination of L. sativa and L. perenne with IC 50 values of 617 and 1015 μg/mL, respectively. The compound also significantly inhibited growth of these two plants at 250 μg/mL. (E)-Caryophyllene, a major component of J. nigra leaf oil, but not present in J. regia leaf oil, was essentially non-allelopathic toward lettuce and perennial ryegrass germination or growth at 2000 μg/mL. Antimicrobial Activity. J. regia leaf oil did not exhibit antibacterial activity (see Table 3 ). It did show marginal antifungal activity against Aspergillus niger (MIC = 625 μg/mL), likely due to the phenolic component eugenol (MIC = 78 μg/mL). J. nigra leaf oil did show antibacterial activity toward Pseudomonas aeruginosa (MIC = 156 μg/mL), but not toward any other bacterial species. Interestingly, (E)-caryophyllene, one of the major components of the leaf oil of J. nigra, was slightly antimicrobial to Bacillus cereus (MIC = 156 μg/ML), Staphylococcus aureus (MIC = 313 μg/mL), Escherichia coli (MIC = 313 μg/mL), and Aspergillus niger (MIC = 313 μg/mL), but not toward P. aeruginosa. Juglone was also somewhat antifungal to A. niger (MIC = 313 μg/mL). The antimicrobial properties of J. nigra leaf oil are apparently complex and there are likely synergistic and antagonistic effects between the components in this essential oil.
Cytotoxic Activity. Neither J. regia nor J. nigra leaf oils were appreciably cytotoxic to MCF-7 cells (Table 3) . Methyl salicylate was non-cytotoxic, but eugenol, (E)-caryophyllene, and juglone were marginally cytotoxic. J. regia leaf oil was active in the brine shrimp lethality test (LC 50 = 26 μg/mL), but J. nigra leaf oil was not. Of the essential oil components tested, (E)-caryophyllene was the most active against brine shrimp (LC 50 = 4.3 μg/mL). Juglone, on the other hand, was inactive.
Juglans regia leaf essential oil shows wide variation in chemical composition. The allelopathic activity of J. regia leaf oil cannot be attributed to the presence of juglone, but rather to methyl salicylate and eugenol. The presence of methyl salicylate and eugenol in the leaves of J. regia may explain the traditional use of this plant to treat toothache, rheumatism, and fungal infections. The antimicrobial and cytotoxic activities of J. regia leaf oil were only marginal, however; the activities of J. regia leaves are likely due, therefore, to non-volatile phytochemicals rather than volatile components. Although juglone is allelopathic, the concentrations in J. nigra leaves are insufficient to impart phytotoxic activity to J. nigra leaf essential oil. J. nigra leaf oil is largely inactive against bacteria, fungi, and tumor cells, and this may explain the apparent absence of use of J. nigra leaves in Native American traditional medicine.
Experimental
Plant Material: The leaves of Juglans regia were collected from a mature tree located in the city of Kirtipur, Nepal (27 40 N, 85 17 E, 1360 m asl) on 18 May 2011. The plant was identified by Tilak Gautam. The air-dried sample (80 g) was crushed and hydrodistilled using a Clevenger type apparatus for 4 h to give a clear colorless essential oil (12 mg), which was stored at 4ºC until analysis. Leaves of J. nigra were collected from three different individual trees growing in Huntsville, Alabama (34 38 N, 86 33 W, 190 m asl). The plant was identified by William Setzer. The fresh leaves were chopped and hydrodistilled using a Likens-Nickerson apparatus for 4 h to give bright yellow essential oils (Table 4 ). Gas Chromatographic -Mass Spectral Analysis: The leaf essential oil of Juglans regia and J. nigra were analyzed by GC-MS using an Agilent 6890 GC with Agilent 5973 mass selective detector [MSD, operated in the EI mode (electron energy = 70 eV), scan range = 45-400 amu, and scan rate = 3.99 scans/sec], and an Agilent ChemStation data system. The GC column was an HP-5ms fused silica capillary with a (5% phenyl)-polymethylsiloxane stationary phase, film thickness of 0.25 μm, a length of 30 m, and an internal diameter of 0.25 mm. The carrier gas was helium with a column head pressure of 48.7 kPa and a flow rate of 1.0 mL/min. Injector temperature was 200°C and detector temperature was 280°C. The GC oven temperature program was used as follows: 40°C initial temperature, hold for 10 min; increased at 3°C/min to 200°C; increased 2°/min to 220°C. A 1% w/v solution of the sample in CH 2 Cl 2 was prepared and 1 μL was injected using a splitless injection technique.
Identification of the oil components was based on their retention indices determined by reference to a homologous series of n-alkanes, and by comparison of their mass spectral fragmentation patterns with those reported in the literature [37] and stored on the MS library [NIST database (G1036A, revision D.01.00)/ChemStation data system (G1701CA, version C.00.01.080)]. The percentages of each component are reported as raw percentages based on total ion current without standardization. The essential oil compositions of J nigra and J. regia are summarized in Table 1 .
Phytotoxicity Assays: An allelopathic bioassay based on lettuce (Lactuca sativa) and perennial rye grass (Lolium perenne) germination and subsequent radicle and hypocotyl growth was measured to study the effects of the J. nigra and J. regia leaf oils as well as major essential oil components. Stock solutions of the essential oils and components (2.0 g/L essential oil and 1.0 g/L Tween-80 in water) were prepared and used for the assays. [39] . Dilutions of the crude extracts were prepared in cation-adjusted Mueller Hinton broth (CAMHB) beginning with 50 µL of 1% w/w solutions of crude extracts in DMSO plus 50 µL CAMHB. The extract solutions were serially diluted (1:1) in CAMHB in 96-well plates. Organisms at a concentration of approximately 1.5  10 8 colonyforming units (CFU)/ mL were added to each well. Plates were incubated at 37°C for 24 hours; the final minimum inhibitory concentration (MIC) was determined as the lowest concentration without turbidity. Gentamicin was used as a positive antibiotic control; DMSO was used as a negative control. Antifungal activity against Aspergillus niger (ATCC No. 16888) was determined as above using YM broth inoculated with A. niger hyphal culture diluted to a McFarland turbidity of 1.0. Amphotericin B was the positive control.
Juglans regia and J. nigra leaf essential oils Natural Product Communications Vol. 8 (10) 2013 1485 Cytotoxic Activity: Human MCF-7 breast adenocarcinoma cells (ATCC No. HTB-22) [40] were grown in a 3% CO 2 environment at 37°C in RPMI-1640 medium, supplemented with 10% fetal bovine serum, 100,000 units penicillin and 10.0 mg streptomycin per liter of medium, 15mM of Hepes, and buffered with 26.7 mM NaHCO 3 , pH 7.35. Cells were plated into 96-well cell culture plates at 2.5  10 4 cells per well. The volume in each well was 100 μL. After 48 h, supernatant fluid was removed by suction and replaced with 100 μL growth medium containing 1.0 μL of DMSO solution of the essential oil (1% w/w in DMSO), giving a final concentration of 100 μg/mL for each well. Solutions were added to wells in four replicates.
Medium controls and DMSO controls (10 μL DMSO/mL) were used. Tingenone [41] was used as a positive control. After the addition of compounds, plates were incubated for 48 h at 37°C in 5% CO 2 ; medium was then removed by suction, and 100 μL of fresh medium was added to each well. In order to establish percent kill rates, the MTT assay for cell viability was carried out [42] . After colorimetric readings were recorded (using a Molecular Devices SpectraMAX Plus microplate reader, 570 nm), average absorbances, standard deviations, and percent kill ratios (%kill cmpd /%kill DMSO ) were calculated. Cytotoxic activities of the Juglans leaf oils and major components are summarized in Table 3 .
Statistical Analyses:
Calculations were carried out using Excel. Student's t-test [43] was used to compare radicle and hypocotyl test means with controls. Seed germination IC 50 and A. salina LC 50 values were determined using the Reed-Muench method [44] .
